Aim: In recent years, the importance of fertility preservation (FP) has increased. In vitro maturation (IVM), an important technique in FP, has started to be used in the clinic, but controversies persist regarding this technique. Here, a survey of IVM for FP is provided.
| OUTLINE OF IN VITRO MATURATION
The IVM of immature oocytes was first reported in rabbit in 1935. 1 Subsequently, the technique was applied to humans. In 1991, the first live human birth following IVM was reported. 2 Currently, IVM is widely applied, mainly to patients with PCOS. 3 As IVM procedures are not difficult, even common clinics can offer this procedure. It is used clinically primarily to avoid ovarian hyperstimulation syndrome (OHSS), as well as to decrease the costs that are associated with ovarian stimulation, when performing in vitro fertilization. 4 Over 4000 babies have been born by assisted reproductive technology (ART) by IVM and these children have manifested no health problem. 5, 6 The incidence of anomalies is not elevated among babies born by IVM, although the possibility must be considered that oocyte methylation is altered during the maturation process. 7 In addition, the IVM procedure facilitates the salvage of immature oocytes. 8 More than 30 years have passed since the first live birth using cryopreserved human oocytes 9 and securing cryopreserved oocytes by IVM is also useful for FP. This approach also can be applied to patients with irregular menstrual cycles 10 and to avoid the risk of delaying cancer treatment. Recently, various stimulation methods in order to avoid OHSS also have been developed. 7 We must consider the opinion of the American Society for Reproductive Medicine (ASRM) that IVM should only be applied for patients with PCOS in order to avoid OHSS. 11 Although the IVM of human oocytes has a long history, reproductive endocrinologists must recognize that several points remain to be elucidated and that the ASRM defines IVM as an experimental technique. Nonetheless, in current clinical practice, IVM has become an indispensable technique for promoting FP.
| APPLICATION TO FERTILITY PRESERVATION
Currently, many cancers have survival rates of 80%. 12 In addition, 20%
of gynecologic cancers occur in women of reproductive age who are undecided about family planning. 13 However, survivors of cancer who undergo chemotherapy and radiotherapy often experience a loss of ovarian function. Therefore, it is important to present patients with cancer with choices of FP. 14 In recent years, patients with breast cancer, blood cancer, brain cancer, gynecological cancer etc. have been provided with FP. 10, 12, 15, 16 In particular, breast cancer is the most common cancer in women and one-third of cases affect women of reproductive age. Accordingly, breast cancer is the main target for FP. The preservation of gametes and embryos from patients with cancer for FP is termed "oncofertility." 17 Several studies have shown that ovarian function declines due to the original disease in patients with cancer. 18, 19 Specifically, there are concerns regarding decreases in the number and quality of the oocytes that are collected. 19, 20 In addition, the patients who adopt FP may vary from country to country.
A case report described oocyte collection and cryopreservation as a method of FP for patients who have undergone a hysterectomy. 21 As of 2017, in Japan, neither surrogate mothers nor host mothers are allowed to undergo this procedure, but in some countries, FP also may be indicated for patients who have undergone a hysterectomy. For reproductive endocrinologists providing FP, it is important to design a strategy for reproductive treatment that does not delay the treatment of cancer. 22 It is also necessary to take into account the possibility of a low ovarian response due to immaturity of the hypothalamus, pituitary gland, and ovary; also, age is an important factor. 22 In addition to patients with cancer, IVM and FP are useful in patients with autoimmune disease or prothrombotic syndrome 23, 24 and the application of FP is expected to expand in the future.
| METHODS OF FERTILITY PRESERVATION
Various methods of FP have been developed: the main methods in current use are embryo cryopreservation, mature oocyte cryopreservation after IVM, immature oocyte cryopreservation, and ovarian tissue cryopreservation (OTC). These techniques are performed either alone or in combination. The protection of ovarian function by gonadotropin-releasing hormone agonist during chemotherapy has been reported, but remains controversial. 25 In patients with cervical cancer who are receiving radiation therapy, ovarian transposition surgery also has been considered as a means of preserving ovarian function. 26 In this review, the authors mainly focus on FP by using IVM. In order to avoid a delay in the treatment of the original cancer, it is necessary to select a method of ovarian stimulation for FP that does not cause OHSS. Fertility preservation for patients with breast cancer often is administered within a period of 2-6 weeks between surgery and adjuvant chemotherapy. 15 If there is sufficient time, conventional controlled ovarian stimulation (COH), which requires both expense and time, is possible. The use of neoadjuvant chemotherapy has increased in recent years, so it is also necessary to consider treatment for patients with no time delay. Controlled ovarian stimulation is costly and time-consuming and thus it is unacceptable for some patients. 27 Recently, OTC has been considered for patients with breast cancer who are undergoing neoadjuvant chemotherapy and strongly desire FP. 28 More than 60 successful births from ART using OTC were reported in 2015 29 and a total of >80 births in 2016. 30 Although OTC has been spreading in ART in recent years, it remains an experimental method; therefore, it is important to recognize that surgery is necessary and that the economic burden is significant. 7 Also, when considering COH, attention should be paid to estrogen-sensitive diseases, such as breast and endometrial cancer, as COH raises the level of serum estrogen >10-fold above normal levels, 31 which is of concern in cases of hormone-sensitive breast cancer, even after surgery or before adjuvant chemotherapy. 15 For patients with breast cancer who cannot undergo COH, the combination of OTC and IVM might be the best option. 32 In contrast, in the case of blood cancers, OTC might not be recommended because of concerns about recurrence. 12 The methods of FP are summarized in Table 1 .
| IN VITRO MATURATION OF OOCYTES COLLECTED IN VIVO OR EX VIVO
As with OTC, the IVM of immature oocytes that are collected from re- with an endometrial adenocarcinoma. 34 Such ex vivo oocyte collection has been widely clinically applied over the past decade. In 2012, a case report was published of the first embryo transfer following IVM and cryopreservation of ex vivo-collected immature oocytes. 35 Similarly, in 2014, the first live birth due to FP was reported for a patient with a borderline ovarian tumor. 36 Live births also have been achieved by using the IVM of immature oocytes that were obtained from resected ovaries. 27 Immature oocytes usually are collected from the ovarian cortex, although the recently reported collection of immature oocytes from the ovarian medulla has the potential as an addon method of FP. 12, 37 Future research should investigate whether the immature oocytes that have been collected from the ovarian cortex and the immature oocytes that have been collected from the ovarian medulla have equivalent developmental potential and safety.
Recently, several studies have reported in vivo oocyte collection from ovaries during surgery and the performance of the IVM of immature oocytes. In vivo immature oocyte collection also has been reported during Cesarean section for research 38 and during ovarian enucleation for FP. 39 Several reports described cases in which COH was performed before surgery and the mature oocytes were collected in vivo 40 or ex vivo 41, 42 for FP. If possible, COH should be considered in order to increase the number of collected oocytes and improve IVM's performance. However, COH delays the treatment of cancer by an average of 30 days, an interval that cannot be ignored. 43 In FP for oncofertility, the time between the patient's first visit to reproductive endocrinologists and the execution of FP is often limited, ranging from several days to several weeks. 19 Fertility preservation was reported for six patients with gynecologic cancer for whom only 24 hours had elapsed between the FP consultation and surgery. 20 Considering the results of IVM, priming using follicle-stimulating hormone (FSH) and human chorionic gonadotropin (hCG) before the collection of immature oocytes is preferable. [44] [45] [46] However, as mentioned above, in many cases there is no spare time and it is necessary to collect immature oocytes from unstimulated ovaries, followed by IVM.
When actually using IVM in the clinic, the procedure can differ depending on the facility and the purpose. These points are summarized in Tables 2 and 3 . As shown in Table 2 , various oocyte collection methods have been reported, depending on the purpose of oocyte collection. In FP, transvaginal aspiration, 10, 15, 47 intraoperative aspiration from the ovaries, 39 and collection from resected ovarian tissue 12, 16, 19, 20, [48] [49] [50] [51] have been reported with the record of a needle gauge. In IVM for patients with PCOS, transvaginal aspiration is the common method. [52] [53] [54] [55] [56] [57] In contrast, oocyte collection for FP mainly is performed from resected ovarian tissue because the combined method in which both IVM and OTC are done at the same time is relatively common. In IVM for FP, the methods of oocyte collection are decided on a case-by-case basis, taking into account the adoption of OTC and COS. Transvaginal aspiration is difficult in patients before puberty and in patients without a history of sexual intercourse and oocyte collection from resected ovarian tissue and OTC are considered as FP. The aspiration needles that are used for this purpose also vary, from 17 to 23 gauge, as summarized in Table 2 . Single-lumen needles are relatively common. Whether suction pressure is applied depends on the facility and the specific report; when applied, the suction pressure also varies from 40 to 85 mm Hg.
In summary, the methods for collecting oocytes for FP are various; thus, it is recommended that the collection of oocytes be performed in a manner that is familiar to the facility.
| MATURATION OF OOCYTES AFTER IN VITRO MATURATION FOR FERTILITY PRESERVATION
In many studies, the maturation rate for IVM is evaluated by the ratio of oocytes reaching meiosis II (MII), as determined by the extrusion of the first polar body. In Table 3 , the maturation rate in FP from 13 recent studies 10, 12, 15, 16, 19, 20, [47] [48] [49] [50] [51] 58, 59 is summarized. In FP, the age of the patients ranges widely, from 0 to 45 years old. The number of collected oocytes per patient also ranges from 0 to 58. Therefore, when the maturation rate of FP is evaluated, the patient's age, as well as whether ovarian stimulation (eg FSH or hCG) was performed, must be considered. In FP, it is not rare to omit ovarian stimulation (ie both FSH and hCG), as shown in with cancer sometimes underwent FP before puberty and OTC was scheduled emergently in the majority of patients; thus, the menstrual phase was not recorded in detail in some studies. As shown in Table 3 , the maturation rate in FP is ~30%-60%. In past reports that compared the maturation rate between the follicular and luteal phases, no statistical difference was observed. 15, 18, 47, 51 In recent reports, a commercial maturation medium has been used primarily for IVM in FP, as in patients with PCOS. However, the reported maturation rate of FP was lower than that for the patients with OHSS, which was ~50%-80%. 54, 56, 57 A low patient age and a lack of ovarian stimulation are considered to be associated with a relatively low maturation rate, as shown in Table 3 . A recent study reported the effect of supplementation with epidermal growth factor, brain-derived neurotrophic factor, and insulin-like growth factor-1 in order to improve the maturation rate. 60 Future research is necessary in order to further improve the maturation rate in FP.
For oocyte maturation after IVM, it is important to evaluate the quality of the oocyte at various points; however, several aspects of this process remain to be elucidated. Nuclear maturation can be evaluated based on the form of the germinal vesicle (GV) and extrusion of the first polar body, but evaluation of cytoplasmic maturation is difficult. 61 As with nuclear maturation, it is not clear whether the cytoplasm changes dramatically in the IVM process.
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Furthermore, it is not known whether oocytes that have been matured by IVM are equivalent to oocytes that have developed in vivo by conventional ART and there is some evidence that the IVM oocytes might be inferior, from the standpoint of their developmental potential. 11, 63 In particular, in IVM for FP in the context of oncofertility, there is not much time for ovarian stimulation. However, the methods of ovarian stimulation by drugs, such as FSH and hCG, yield higher rates of pregnancy and live births than IVM without ovarian stimulation. 11, 15, 64 Future studies should evaluate the influence of IVM in the process of spindle formation and the arrangement of the chromosomes in meiosis. 65 In IVM, immature oocytes usually are collected from 10 to 14 mm follicles. 47, 66, 67 However, in the case of IVM for FP, the oocytes often are collected from small follicles (6-10 mm) in resected ovaries and the safety of these oocytes should be considered. One study found no difference between the oocytes that had been collected from follicles of 6 mm and those that had matured in vivo 68 and another study reported live births resulting from the IVM of immature oocytes that had been collected from such small follicles. 56 Therefore, the optimal diameter of the follicles for the safe collection of oocytes needs to be investigated in the future.
| CRYOPRESERVATION OF OOCYTES FOR FERTILITY PRESERVATION
It is not uncommon for patients with cancer to lack a partner at the time when they undergo cancer treatment. 13 If the patient has a partner, cryopreservation of the blastocysts is recommended after IVM and artificial fertilization, although cryopreservation of the oocytes or OTC is considered if there is no partner. In one study, 301 of 340 patients with cancer opted for oocyte cryopreservation after counseling, whereas cryopreservation of the blastocysts and OTC was chosen at a rate of 11 and 14%, respectively. 16 Currently, cryopreservation of the oocytes is the most important procedure, especially in the context of FP for oncofertility. However, the procedure of cryopreservation is often controversial. It is necessary to consider the effects of ice crystal formation and osmotic effects, which can damage the oocytes during cryopreservation. 69 Previously, it was thought that the freezing of oocytes at the GV stage decreased the extent of freezing damage. 70 When considering the results of cryopreservation of the oocytes in IVM, it is necessary to pay attention to whether the reference literature performed the slow-freezing method 71 or vitrification. 72 Recent reports have not concluded whether it is preferable to cryopreserve immature oocytes at the GV or MII stage. 61, [73] [74] [75] [76] [77] Vitrification results in more normally formed spindles than the slow-freezing method. 78 The maturation rate following thawing and IVM after vitrification at the GV stage is 50.8%, significantly lower than the rate of 70.4% for the IVM of fresh material. 79 Several reports have yielded consistent results; 80,81 therefore, it is common to cryopreserve matured oocytes when using the vitrification method.
| EXPLANATION TO PATIENTS
In the last decade, techniques related to FP, such as OTC, have been provided clinically to patients with cancer. In these cases, oncologists and reproductive endocrinologists share the responsibility to fully explain to patients who desire FP before the treatment of malignant disease that their condition could reduce their fertility potential. However, many controversies persist regarding these techniques, as described above. It is necessary to explain to patients the current limitations and the necessity for future research.
Fertility preservation, including OTC, is expensive and the burden on patients is large. 27 It is also desirable to explain the likelihood of a live birth from FP that the patient can reasonably expect at the present time. For example, at least 8-10 MII oocytes are required to obtain a live birth, depending on the age of the patient. 82 In addition, the live birth rate from each mature oocyte in patients aged 23-37 years is 4.47% 83 and this information would be useful to patients.
Another study of patients with cancer reported that the pregnancy rate per oocyte was 1.52%. 22 It is also necessary to explain the possibility that cryopreserved oocytes might not be obtained, even if FP is performed. 47 For example, it was reported that oocytes cannot be collected from 2.8% of patients with cancer and that the antral follicle count and anti-Müllerian hormone levels are useful for predicting the number of cryopreserved oocytes after IVM. 16 Furthermore, the rate of chromosomal abnormality is higher in blastocysts that are obtained from IVM than in blastocysts that are obtained from conventional ART. 84 As mentioned above, babies born following IVM are reported to be healthy, but long-term follow-up is also necessary.
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| RECENT RESEARCH ON FERTILITY PRESERVATION USING IN VITRO MATURATION
As mentioned above, IVM is a very important technique in FP.
Accordingly, research using human oocytes is indispensable for further improving the performance of IVM in the future. However, due to ethical and legal hurdles in individual countries, it is not easy to obtain human oocytes for research purposes. In order to obtain immature human oocytes for research purposes, a method has been developed for receiving volunteer immature oocytes at the time of intracytoplasmic sperm injection for ART. 85 In addition, the authors reported a method for obtaining immature oocytes from the resected ovaries of surgical patients with endometrial cancer for use in research. 86 In Figure 1 , the resected ovaries of a patient with an endometrioid adenocarcinoma are shown, as well as the collected immature oocytes and mature oocytes after IVM. However, it is difficult to fertilize mature oocytes that have been obtained after IVM due to legal and ethical concerns. 12, 14, 61 In addition, if the fertilization process or the development of the blastocyst cannot be evaluated, it is difficult to fully evaluate the oocyte's potential. This is a limitation of research on IVM and it is necessary to recognize that there is also a limitation on the provision of information to patients who are undergoing FP. Recently, as a substitute for the fertilization process, several researchers have studied parthenogenetic embryonic development in oocytes after IVM. 61, 75 Currently, it is necessary to evaluate fertilization and the development of blastocysts by simulation, to the extent that this is possible. Moreover, resected ovarian tissue and oocytes often cannot be evaluated when they are transported from satellite hospitals to a central ART hospital for FP (eg in ovary banks). 49, 50, [87] [88] [89] The influence of the transportation of tissue in relation to FP by IVM needs to be more carefully considered in the future. Moreover, the IVM process allows studies of human oocytes at various stages. For example, IVM makes it possible to study the expression of the proteins that are related to the aging of oocytes, such as cohesin protein, 90 in human oocytes of various stages. Using new technology like electric-field mixing technology for efficient immunofluorescence staining, 91 research on the aging of oocytes with IVM will advance the field further.
| CONCLUSION
It is now possible to present various methods of FP to patients with cancer and other diseases. A wide range of choices is desirable, given considerations regarding the patient's quality of life. However, it must be emphasized that many aspects of the technologies that are related to FP, including IVM technology, remain unclear. By switching from manually made to commercial maturation medium, the maturation rate of IVM has improved. 58 In the future, further improvements can be expected in FP performance due to changes in culture medium and additives. Especially in oncofertility, reproductive endocrinologists and oncologists need to pursue a rapid, low-cost, uninvasive method of FP for patients facing cancer treatment.
